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Abstract

The motivation for research into helicopter agility stems
from the realisation that marked improvements relative to
current operational types are possible, yet there is a dearth
of useful criteria for flying qualities at high performance
levels. Several research laboratories are currently investing
resources in developing second generation airborne
rotorcraft simulators. The UK's focus has been the
exploitation of agility through active control technology
(ACT); this paper reviews the results of studies conducted
to date. The conflict between safety and performance in
flight research is highlighted and the various forms of
safety net to protect against system failures are described.
The role of the safety pilot, and the use of actuator and
flight envelope limiting are discussed. [t is argued that the
deep complextity of a research ACT system can only be
tamed through a requirement specification assembled using
design principles and cast in an operational simulation
form. Work along these lines conducted at DRA is
described, including the use of the Jackson System
Development method and associated Ada simulation.

Introduction

The central issue when setting requirements for in-flight
simulation involves the trade-off between performance and
safety. The integrity of the experiment, from the very
concept being tested through to its implementation in
software and hardware, determines the achievable flight
performance level. The greater the uncertainty in the
behaviour of the simulated aircraft, then the grealer the risk
of misbehaviour; likewise, the lower the reliability of the
experimental system, then the greater the risk of failure and
consequent misbehaviour. It follows that the higher the
inherent performance of the aircraft and its experimental
system, the higher is the risk that misbehaviour will lead
to an accident. Operational constraints and regulations
usually dictate that this dilemma is resolved in favour of
safety, hence compromising performance, or making it
very expensive o achieve. These ideas are not new of
course, and have featured large in the aircraft systems ficld
for many years; the disciplines of modern design, test and
impiementation methods now ensure a degree of confidence
in solutions 1o well defined problems. The compounding
dilemma is that research into new and improved flying
qualities contains the problem definition itself, and defining
the flying qualitics boundarics requires gathering duta with
Level 2 and 3 configurations.
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The development of full authority, flight critical, active
control technology (ACT) for helicopters has been
proceeding apace for more than ten vears with nine
experimental aircraft in the form of research and technology
demonstrators having flown in the western world. In the
search for the quantum change in helicopter Itying quality,
a variely of solutions to the performance/safety tradeoff
have been employed, including constrained experimental
flight envelopes, multiple redundant hardware and limited
performance actuation systems. All experimental systems
have employed a Safety Pilot whose cockpit controls are
back-dniven, providing the primary cue on the behaviour of
the system; experience has shown that the Safety Pilot is
the most cnitical safety element. Along with ground-based
simulators, these first generalion variable-stability, active
control helicopters have been used extensively to explore
novel control methods and to build the database from which
the ADS33C flying qualities criteria have been developed
and substantiated.

Several Nations are now looking forward and planning the
development of second generation ACT helicopters with a
range of new research objectives in mind, centred on the
need for greater levels of automation;

1) to extend operations in degraded visual cue environments,

ti) through the provision of carefree handling, enabling safe
exploitation of the [ull operational flight envelope (OFE),

iii) through the integration of flight with fire control,
engine control and mission systems to provide greater
concurrency and hence operational effectiveness.

Research into these aspects of helicopter ACT needs to
deliver solutions that will increase performance and safety
in harmony. Ironically, as noted above, when exploring a
new idea in flight, performance and salety attributes can
conflict, and there is a potential problem that development
of ACT and its operational benefits will be hindered by this
dilemma. Rccognition that a certain level of risk is
incvitable is the first step towards resolving this problem;
establishing well formulated operating procedures that
contain the risks during the cxploration of new concepts is
the second. Adopling an approach to specification and
design, that tames the complexity of the integration of the
flight control system with the vchicle, its subsystems and
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the pilot, is the important third step in this process and
will feature as one of the key themes of this paper.

The paper reviews the UK DRA {formerly RAE)
programme 1o define the requirements for and to build a
high performance flight research system, designated ACT
Lvnx. Taking the performance/safety tradeotf as a starting
point, a number of wopics are addressed.

1) The performance requirements and the driving
research objectives will be outlined: the emphasis [rom the
outset has been to achicve high agility at low pilot
workload.

3) The safety constraints and how they reflect on
system architecture and airframe health will be addressed.
The role of the safety pilot will be described and 1ssues
surrounding intervention times following tailures will be
addressed, drawing on results from an exploratory ground-
based simulation conducted at DRA. Experience with other
experimental ACT helicopters are discussed and (non-
attributed) examples of the kind of failures that safety
pilots have had to cope with in the past will be
highlighted.

3) A vital key to confidence that an experimental
flight control system will perform as required lies in the
development of the functional requirements as an integral
part of the system design. This has been achieved in the
ACT Lynx project by the incremental development of an
Ada simulation of the triplex redundant system using the
Jackson System Development (JSD) mecthodology. The
approach focusses attention on the interface of the
experimental system with the outside world, eg operations
at the pilot vehicle interface (PVI), the actuation system,
sensor system etc. The behaviour of the system is
considered from a constructional/design, rather than a
hierarchical/descriptive, viewpoint. This distinction is
crucial at an carly stage 1o capture all the nuances of the
intended behaviour. In addition, many of the human factors
issues at the pilot/vehicle interface can be examined in
detail through simulation. This approach is described.

4) The methodology for control law design and
assessment is described.  An important concern is the
validation of the behaviour of the implemented control law;
carly in its life it will be immature and made up of several,
limited flight-envelope. un-integrated functions. The
deveclopment towards continuous, full flight cnvelope,
agility enhancing control functions involves a gradual
expansion of the envclope and actuator authornity, using
ground based simulation lo pave the way for the thght
tests. The philosophy will be described, including the role
of the curtain limiter, a device for moderating the control
inputs to the experimental actuators.

The UK programme is currently at a hiatus due o {unding
limitations, but sufficient ground has been covered to
provide some clear messages for others stniving {or similar
goals. The UK continues to collaborate with the key
players in the rescarch licld - US Army/NASA, NRC and
DLR - and this paper presents the opportunity to stimulate

discussion, with the wider manulacturing and research
community, on some of the trade-offs in this important
arex.

Harmonising Safety and Performance
Research Objectives

A companion paper at this Conference (Ref 1) has
highlighted situations where current operational helicopters
lack agility, such that when operated at high performance
levels, ITying qualities deteriorate and lead to high piloung
workload, Figure | reflects this through the vanation in
pilot handling qualities ratings (HQR) with Agility Factor
- the ratio of ideal task time to actual task time in a
mission task element (MTE). As the pilot increases
performance, the degradation from level 1 to poor level
3/level 3 ratings is rapid, making the use of high
performance potentially quite dangerous.
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Fig 1| Pilot Handling Qualities Ratings vs
Agility Factor for Lymx

The results shown in Figure | were gathered on the
research Lynx at DRA Bedford, flown at much lighter
weights than in normal operational Service, (o simulate the
higher performance margins expected ol [uture types; the
results are considered to be typical of all current Service
aircralt and indicate a clear goal for rescarch into improved
flying qualitics. A primary objective of ACT Lynx was
therefore aimed at demonstrating the achievement of Level
1/2 flying qualities at high agility factors as shown in Fig
1. This and other key research objectives are summarised
in question form as follows;




1) Can level 1 flying qualities be achieved at high agility
factors? Resecarch to answer this question would produce a
database rom which carefree handling functions could be
defined and potential upper [lying qualities boundaries
identified.

2) Can multi-axis sidesticks be used effectively in such
circumstances and what level of automation is required to
facilitate their use? This research would address the
crgonomic aspects of sidesticks and define the optimum
feel characteristics and sensitivities; it would also address
the usc of such controllers with reversionary. less well
augmented, modes.

3) Can high performance be achieved in the presence of
strong disturbances? Disturbance rejection and ride-control
functions can be designed to operate effectively at
considerably higher bandwidths than handling-control
functions and this research would define those control
functions and associated sensor requirements.

4) What are the cntical control augmentation/display trade-
olTs in degraded visual conditions? Research would address
the integration aspecets of displays and response types for

_different usable cue environments (UCE), blending issues
and identify critical parameters in the controls/displays
trade-off.

5) How can ACT be exploited to enhance functional
integration between the {light control sysiem and mission
systems eg fire, cngine, navigation? This question would
direct research towards maximising concurrency between
the flight and mission management systems, leading
ultimately to the potential tor fully automated flight.

Objectives 1, 2 and 3 require the high-fidelity environment
of an in-flight simulator, able to operate in realistic
scenarios close to the visual-cue-rich environment of
natural terrain and cover, whereas considerable progress
towards Objectives 4 and 5 can be made with ground-based
simulation. [n addition, the displays and intcgration
research require considerably more on-board cquipment.
Hence the initial foci of ACT Lynx were o be the threc
high performance objectives.

Performance & Safety - The Conflict

The operational flight envelope for the Lynx Mk 7
represents the baseline ACT Lynx cavelope. Key fcatures
are given in Table 1. The high vulues of attitude quickness
and bandwidth stem from the hingeless rotor on the Lynx
with its 137 effective flap hinge oftset. The rotor provides
a high natural damping and control moment capability
enabling higher levels ol agility to be exploited than with
articulated rotor helicopters.  Figure 2 illustrates the
cnvelopes of roll and pitch quickness achieved in the Lynx
for Sidestep and Quickhop re-positioning MTEs (Ref 2).
The envelope covers the lull attitude range to illustrate the
high bandwidth (low amplitude) and control powers (high
amplitude) achicved even in these, non-tracking, MTEs,

Table |
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ACT Lynx Performance Characteristics

Performance
Aspect

Lynx Mk 7 Flight Envelope
for ACT Lynx

hover thrust
margin > 20% (sea level, 20 deg C)

roll, pitch,
vaw control
power

> 100deg/s, 60deg/s, 60deg/s

quickness for
10deg attitude
change

> 4 rad/s (roll), 2 rad/s (pitch)

attitude
bandwidth
in hover

> 5 rad/s (roll), 3 rad/s (pitch)

low speed
side velocity 30 kn
envelope

load factor >2g.0g

Vmax > 140 kn (sea level, 20 deg C)

——
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M p
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Fig 2a Roll Attitude Quickness
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Fig 2b Pitch Attitude Quickness

The quickness is a direct measure of agility, closely related
1o the time to achieve an attitude change. Al the two
amplitude extremes the achieved quickness values are well
above the ADS33C Level | requirements for bandwidth and
control power und there is a generous margin in the
moderate amplitude range, even relative to the tracking
MTE boundary. Combined with a moderate hover thrust
margin, maximum 'g' capability and wide speed envelope,
these performance characteristics make Lynx well suited as
an ACT testbed. But the performance is only useful if
control laws are able to exploit fully the OFE and this
raises fundamental safety issues concerning the aircralt
behaviour following ACT system tailures.

System failure can be looscly classified under two
culegories;

1) hardware lailures; these are usually assumed to
be random in nature, hence only predictable in a statistical

sensc, cg onc tailure expected within 10" operating hours.
The usual mcthod of protecting against such failures s o
build in hardware redundancy together with comparators and
monitors, cffectively to increase n.

i1y software fatlures; two ways that a software
implementation can fail" or misbehave follow from cither
the correct programming of the wrong reaction or tailure to
take certain situations into account. It is sometimes
claimed that the probability of a software crror occuring can
be related statistically to the degree of testing carricd out,
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but this does not appear 10 have a sound theorcteal
foundation. In reality, both the above software lailures are
deterministic and context dependent and unless the lesung
happens to include the particular conditions, the error is
likely be missed.

The Safety Pilot

Failures in both categories can be expected to occur
throughout the life of an ACT reseurch vchicle and give
rise to a variety of ditferent behaviour including fasvslow
hardover, oscillatory or {rozen actuator demands.
Acknowledging this, the next set of questions relate 1o the
integrity of the system, the related tolerance to fatlures and
the means of protection. All ACT research helicopters
operated over the last ten years have included one principal
clement in common in this regard - they have all had o
Safety Pilot, whose controls are back driven by the
research actuators. The latter have either been special
purpose, dual mode (clectro-mechanical) type (Refs 3, 4, 5)
or connected in parallel with existing power control units
(Refs 6, 7, 8). All types have been full authority, high
rate actuators. The safety pilot, with his backdriven
controls providing an immediate and instinctive cuc as to
the health of the system and the experiment, is generally
regarded as the most important and vital safety clement. A
well trained safety pilot will be able to idently
misbehaviour through the motions of his backdriven
controls, and can take rapid action to preserve (light safety.
However, very special skills are required to make a good
satety pilot, among which is the ability to judge when, and
when not, to disengage and how to recover to a sale tlight
condition. It is a very demanding role and any help that the
system can provide wiil reduce the workload and lessen the
risk of a loss of control.

Help can be provided in the form of a fail-safe or fail-
operate system configuration. Fail-safe normally relies on
a monitor system running concurrently with the tight
control system, cither sampling and comparing dual
channels or comparing the signals in a single lane with
that from a model. If the comparator detects a difference,
outside a delined threshold, the system will be tripped out
and control will be returned to the safety pilot with
appropriate alert signals. Fail-operate significs that the
system can continuc operation following one or more
fuilure; through monitoring und voting, faults can be
detected and isolated. The remaining healthy system
components continue to function as normal, but the crew
is alerted to the fault. For a single tail-operate sysiem, the
system degrades to fal-safe following a fatture.
Operational {ly-by-wire [ixed wing aircraft are normally
designed with a two fuil-safe capability with respect to
hardware failures to achieve the necessary overall system
integrity. This requires a triplex-montitored or quadraplex
system architecture. The rescarch helicopters operated over
the last ten years have a variety of dilferent solutions
implemented.  The NRC's Bell 205 (Ref 3) and DLR's
BO10S (Ref 6) arc both single string systems with a
limited fail-safe capability centred on the fly-by-wirce
actuator input/output relationship.  Rotor (lapping is
monitored in the 205 and hub moment in the 05 with
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both having limits which, it excceded, trips the systems
out. The ADOCS demonstrator (Ref 4) included a triplex
fly-by-light hardware configuration and an independent
(analogue) monitor. The latter was designed to model the
behaviour of the primary flight control system (PFCS),
hence automatc flight control system (AFCS) inputs were
signalled us crrors by the comparator; the thresholds were
sel 1o allow moderately aggressive flving. This, so-called
DOCS monitor, was designed 1o catch software and other
common mode failures’. The AV0S5 research aircraft (Ref
8) comprised a dual-duplex architecture providing, in
principal, a two-fail operate capability. The concept
included flight cnvelope limiting features within the
control system. Most of these aircraft also featured a trip
when the engine/rotor system torque exceeded a prescribed
value.

From this very brief review of some of the current designs
it is clear that help can be provided to the safety pilot in a
multitude of ways; it is also clear that current wisdom
suggests that he does need help, particularly in the
detection of rapid, potentially rotor damaging, control
inputs. The dilemma comes {rom trying to distinguish
between a system failurc and a genuinc ACT system
command; both can look very similar at the actuation
stage. Failures from hardware faults can be detected and
isolated through fail-safe or fail-operate architectures;
software failures are considerably more difficult 10 detect.
As noted above, software errors in both the categories
discussed above are likely o be a regular occurance in the
development of a coatrol law. Examples (non-attributed)
of software failures that have occured on ACT helicopters
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1) 3-axis hardover caused by divide by zero - excursions of
20 deg pitch, 35 deg roll and 20 ft height loss Juring
recovery,

2) control modes not referencing to correct tlight condition,
leading to position error and roll into turn,

3) integrators not inhibited at control stops. leading to time
delay in response o (ollowing input,

4) no priority given when engage/discngage pressed
simultancously

All led to a transfer of control to the safety pilot, although
there was inevitably some delay in recovery due to failure
recognition problems. It should be stressed that no
accidents have occured on ACT research helicopters to date.

Safety Pilot Simulation

To gain a better understanding of the kind of behaviour that
Lynx would exhibit in response to failures and the
resulting safety pilot reaction, an exploratory simulation
trial was carried out on the Advanced Flight Simulator at
DRA (Ref 9), using the small motion system. A Lynx,
augmented with an ACT system, providing Level 1 lving
qualities, was lown through a range of mission task
elements. The safety pilot occupied the cockpit on the
motion base, with the 'cvaluation' pitot {lying from the
control desk.
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Fig 3 Statistical Summary of Excursions During Failures and Safety Pilot Recovery
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Hardover failures were injected in combinations of axes at
various points during the flying, and the safety pilot’s task
was to disengage the ACT system and recover the aircraft
without exceeding limits and, of course, avoid the ground
and obstacles. Following disengage, the aircraft
configuration was Lynx with limited authority stability
augmentation, as envisaged for ACT Lynx. This iniual
investigation had several related objectives including an
evaluation of alternate disengage and alert mechanisms. A
total of 61 failure events were flown with three evaluation
pilots. With the preferred 'force' disconnect system, all
disconnects were achieved in less than 0.3 second; 'button'
disconnects resulted in longer times, up to | second.
Figure 3 shows a statistical summary of the peak values of
critical aircraft states recorded during recovery relative 1o the
flight envelope limitations, including the height loss. The
3¢ peak occurred following a right cyclic/pedal runaway in
a right turn, when a height loss of 63 feet was also
recorded. The load factor limit was exceeded on this
occasion to avoid hitting the ground. The main rotor
torque and rotorspeed limits were both exceeded once, the
former following a sympathetic positive collective failure
in a bob-up. The results of the work reported in Reference
9 are tentative. The AFS simulation cues were limited and
the Lynx aircraft model has known deficiencies particularly
in the off-axis responses and in hard turns. Also, worst
cases may not have been evaluated and instinctive, trigger
disengage mechanisms were not evaluated. Nevertheless,
the potential for very rapid flight envelope exceedances
during failures, when operating close to limits, was
demonstrated and the dangers of vertical flight-path
excursions during recovery were highlighted.

Protection Devices

Protection against such occurrances needs to take into
account that responses 1o {atlures can be similar o the
responsc Lo an aggressive pilot-input applicd to maximisc
agility. An approach used in the past has been to restrict
the inputs to the rotor through emploving both limited
authority series actuators (as normally found in a
conventional SCAS) and parallel actuators with reduced
rates. Figure 4 illustrates the roll kinematics and pilot's
lateral cyclic command during a sidestep manoeuvre on a
phase plane. The shaded areas correspond to the excluded
region if series/parallel, frequency-splitting, actuation had
been used with typical 20% (20%/s) authority. The
manocuvre would have been severcly compromised. Fig 5
illustrates the control/actuation quickness or "attack’ for the
Lynx sidesteps showing values up to the PFCU bandwidth
of 15 rad/s at small amplitude and quitc high values
extending out to large control inputs. The superimposed
lines correspond to boundarics sct by different actuation
rates. The Lynx actuation system is able to achicve valucs
greater than 200%.scc in single lancs. Any actuation rate
limiting below this would clearly deprive the pilot of
performance, but no systematic investigation of this aspect
was carried out. Actuation limiting in such a crude manner
can be cifective but needs to be implemented in software if
the limits are to be extended as confidence grows in the
behaviour ol a control law. This is clfectively what
happens with ADOCS, although in thal implemcntation
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(Ref 4) the DOCS monitor tripped the ACT system out if
rates and amplitudes from the AFCS were too high. For
ACT Lynx, a scheme based on this approach was
suggested, illustrated conceptually in Fig 6. The so-called
‘Curtain Functions' would be defined in the software that
limited the actuator inputs as shown in Fig 6. Initially,
for a new control law, the curtain would be well closed,
offering maximum protection following failures. As the
control law developed and confidence grew 1n its behaviour,
the curtains would be opened incrementally, unul fufl
performance was available. The concept has yet to be
evaluated in simulation but potentially offers a safe route
through to high agility.

As noted earlier, the ACT helicopters that have been
operated over the last 10 vears have adopted many different
approaches to this protection question. It is believed that
three main factors contribute to the 100% safety record in
the operation of research ACT helicopters.

a) the reliance on an experienced, well trained and highly
skilled safety pilot

b) the adoption of operating procedures that cmphasise
flight safety '

¢) the use of flight envelope monitors or restrictions that
inhibit agility, particularly in low level trials.

For ACT Lynx, it was always considered that the practices
in categories a) and b) developed by organisations like
DLR, NRC and NASA would be fully adopted. The locus
on agility research, however, meant thalt issues associated
with ¢) had to be faced squarely and an alternate strategy
developed that enabled a way forward. A fail-operate/fail
safe (FOFS) architecture was sclected to provide full
protection against hardware failures, with the argument thai
in safcty critical situations, cven the safcty pilot may not
have sufficient time to recover with only a fail-safe system.
Methodologies that ensure comprehensive verification and
validation of the software system elements would be
vigorously pursued. It was rccognised that there would be
lwo components to the embedded soliware, a high integrity
‘core', including consolidation, monitoring, voling and
actuator drive functions that would remain essentially fixed
during the development ol a control faw. and the control
law itself and its attendant curtain function, that would
rcgularly change in structurc and data input. The control
law was cnvisaged as thc most appropriate place for the
envclope limiting o be incorporated, in the form of
carefree handling functions. Ultimately, the control law
would need to function without independent monitoring, o
cnabic the high agility testing to be rcalised. For both
Kinds of softwarc it was considered that a high investment
in the requircments capturc and definition process would
pay off in high system integrity; these issucs arc developed
Turther in luter sections.

Airframe Fatigue Usage

Belore discussing these aspects, there is onc additional
consideration regarding safety that was addressed with ACT

n
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Lynx - the gquestion ol the impact of ACT [lying on
airframe fatiguc. Tt was always rccognised that an agility
research aircrait would spend a greater proportion of flight 200
time in high fatigue-usage manoeuvres. than its operational
counterparts.  Also, the effects ol the ACT control

functions on control linkage and rotor toads was relatively . 1604
unknown. A third issue stemmed from the recognition that c

the existing aircraft's OFE was defined with a margin 9 -1
relative to the safe flight envelope and that carefree oS 1204

handling functions would, in principle, allow some of this
additional performance to be used with safety. Some form
of load monitoring in this regime would be essential. The 80+
critical structural areas were identified by the manufucturer
and compriscd componcnts on the main/tail rotor hub and
blades, control links, fuselage {rame and gearbox, tail cone
and fin. These components have since been strain-gauged
for non-ACT purposes and are undergoing in-flight
calibrations at the time of writing. The data from the

404
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strain gauges are processed in two different ways. First,
via a telemetry link to a ground station to cnablc recal-time
monitoring of loads and, second. to the on-board recorder oy
system for post-flight analysis and fatigue usage
calculations. From a safety standpoint, the fatigue usage
monitoring task wuas seen as an integral part of the .
comprehensive approach taken with the ACT Lynx -
concept.
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As a bonus, much valuable data on the different airframe
load spectra expenenced with the ACT systcm would be
gathered and, ultimately, the load measurements would be
available to the ACT system itsell in the pursuit of
cnvelope-expanding carefree handling functions.

In summary, the achievement of high performance with
ACT Lynx was (o be cnabled through the incorporation of
several lavers of 'safety net'. The hardware would be
designed to exhibit fail-operate/fail safe reliability. The
fixed' soltware would be designed and tested to be fault
frec. The control law software would operate within the
constraints ol the actuator curtain and be developed to a
fault free state for testing in flight critical regimes. The
safety ptlot would be the ultimate protection against
damaging {light path excursions and limit exceedances.
Fatigue monitoring and accounting would protect against
the consequences on airframe health of unconventional
manoeuvres and control activity and provide a check for
greater than usual fatigue lifc consumption. These safety
nets were autonomous by design, vet it was recognised that
only through their proper integration into the ACT Lynx
concept would the performance targets be achicvable. A

comprehensive requirement speciiication was needed lor the
total system, developed through simulation, that Jefined
the range of interacting functions and their operations.

Requirement Specification & Incremental
Simulation

Preliminary Design Evaluation

The ACT Lynx design concept cvolved {rom a number of

preliminary studies which carcfully explored the feusibility
of modifying the DRA Research Lynx into a variable
stability. active control. research helicopter.

O&
o S
i
oTriplex oripiex
pwer Supotis Fpy.by-Wire

*Fulil Authority

o Safery Pilot with Backdriven Controls
 Sidestick Conzols
® HU/HD Displays
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Fig 7 The ACT Lynx Concept

Practical issues addressed in these initial studies included a
confirmation that the installed power and actuator sysiem
were sufficient to test to the himits of the desired ACT
Lynx tlight envelope, and that the mechanical hinkages
could be modified to allow backdriving by a sct ol high
performance parallel actuators. Additional cquipment such
as sidestick controtiers and advanced scasors were speciiied
and an outline of the system architecture proposed in terms
of a triplex tlight control computer and a dual duplex
actuator drive and monitoring unit.  An entirely triplex
architecture would have satistied the {ail-operate/fail-sale
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requirement but, in the case of the ACT Lynx, a final
component having a dual dupiex arrangement was deemed
10 be more appropriate to connect harmoniously with the
duplex hydraulic systems and primary flight control units
{PFCUs). The ACT Lynx concept is illustrated in Figure
7.

A further aspect that received some preliminary design
consideration was the nature of the pilot interface - that is,
the displays, switches, buttons etc, that the pilot would
require in order to engage and operate the facilities of the
new system. These items were analysed and their likely
functionality and appearance described in outline. When, in
the light of thesc preliminary studics, the prospects for the
ACT Lynx project seemed favourable, attention turned to
developing a high quality specification (Refs 10, 11).

Specification Structure

In the design tcam there was a genuine commitment to
avoid the pitfalls of many other projects and leave nothing
to chance in the specification of the new system. In
particular, there was a determination that the requirements
specification must solve all of the significant design
issues. Thal ts, it must be correct, it must be complete,
and it must be validated.

Such considerations placed a considerable challenge upon
the team in the preparation of the requirements
specification since there had to be sufficient detail to be
totatlly unambiguous; that is, the implementation had to be
clear, while at the same time there had to remain a high
level of visibility of the design concepts and what the
system was trying to do and why. These requirements are
often incompatible since the very accumulation of a morass
of detail imparts a complexity that militates against
understanding. [t i1s such complexity which needed to be
tamed by an appropriate design and specification method,
and which led to the decision to use modern software design
methods for application to the whole diverse system. [t
was also recognised that hicrarchically organised
descriptions could be an cffcctive technique for reducing
complexity and in this casec a decomposition of the system
into its major functional clements seemed (o be the most
natural.  This decomposition was the only one that was
imposed on the sysiem a priori. The outcome is shown in
Figure 8, where the square and rectangular components arc
thosc rclevant to the specification exercise. The bold
rectangles are referred to as processing clements to be
embodicd in a Flight Control Computer (FCC), although
such terminology was not used in the written specification.
The clements of the system are described in the order of the
primary {low of the signal information as illustratcd by the
arrows in Fig 8.

(1) Scasor Elcment (SE). This leading element contains
the aircraft motion sensors - ailitude and rate gyros and
accelerometers, and also the air data units for obtaining
vclocity components, pressure and temperaturce
information.
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(ii) Crew Station Element (CSE). The other leading
clement incorporates the conventional controls for the
safety pilot and a versatile sidestick controller facthity for
the evaluation pilot. For convenience these inceptor
components were grouped together as an Inceptor Element
(IE). The CSE also contains the various interfaces for the
pilot o engage, operate and be cued by the ACT sysiem as
follows:

(a) Pilots Control Panel (PCP) - used by the
Evaluation Pilot for engagement and disengagement
and also for conducting the system-test sequence.
Engage and Disengage operations would normally be
performed using swiiches on the pilot's controls.

(b) Repeater Panel (RP) - provides a copy of the
displays for the Safety Pilot.

(¢) Menu Panei (MP) - provides other ACT
interactions, such as sclccting onc of the available
control laws and sets of parameter values. The same
panel provides the interface for injecting
preprogrammed disturbances into the system, as part of
a flight-test lacility used, for example, in gathering
data for the validation of the helicopter simulation
models and in demonstrating compliance with flying
qualities requirements of new control laws.

(d) Mode Sclect Panel (MSP) - available for in-flight
selection of control modes, for example, height-hold,
speed-hold, hover hold.

(1i1) Control Law Input Support Element (CLISE). This
clement has the main purpose of processing and managing
the information from the Crcw Station and Sensor
Elements. It also contains the function for scheduling of a
comprchensive system test.

(iv) Control Law Element (CLE). This element is
supplied with inceptor, sensor, mode selection and related
information by the CLISE. The CLE is the raison d'etre of
the ACT Lynx since it hosts the experimental control laws
which arc to be cvaluated. It is this clement that the user
of the ACT Lynx, the flying qualitics cngincer, will
interact with. Carefully venfied and validated control law
software will be plugged into and unplugged from this
clement. Typically, six control laws will be selectable by
the experimental pilot with an additional choice of up o
six scts of parameters within cach law.

(v) Control Law Output Support Elcment (CLOSE). The
clemenit [ollowing the CLE interfaces the demands produced
to the rcmainder of the system. [t also provides a
sclectable limiter on the demands produced by the control
law as additional protection against immature softwarc.

(vi) Actuator Drive and Monitoring Element (ADME).
The final clement to provide processing takes the demands
from the CLOSE and produces drive signals tor the parallel
actuators resident in the Actuator Element, and the scrics
actuators in the PFCU. The ADME also manages the
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Fig 8 The ACT Lynx Logical Elements

engagement of the ACT system through the energising of
the parallel actuators, and supplies a normal
autostabilisation function when the ACT sysiem is not
engaged.

(vii) Actuator Element. The parallel actuator system is last
in the sequence. The parallel actuators are connected to the
conventional control runs from the safety pilot; when the
actuators are engaged (hydraulically powered), the controls
are back driven (o provide the safety pilot with essenual
control position cues and to aid in recoveries, and forward
driven to the Lynx PFCUs.

{viii) Extcrnal System Support Elcment (ESSE). In
support of the above network of elements is an element
which essentially provides a catchment for all of the
significant data in the system. [t interfaces with the on-
board data acquisition system and also with the
experimental helmet mounted or head down displays. A
record of all systcm related cvents such as cngagement,
discngagement and diagnostic messages is retained in a
System Journal.

The specification takes cach of the clements identificd
above and provides a detailed description. Each clement is
described in detail under the headings Type, Function,
Operation, Performance, Inputs & outputs, Interfaces,
Testing and Failure reporting & recovery. Where a

particular element is composed of replicated units, so that
several units togcthcr comprisc an element. the
replication of units in the element is stated and the unit
itself is described under the same headings. For example,
the CLISE is a triplex element composed of three identical
CLISUs (Control Law Input Support Units).

In the cvent, this primary decomposition harmoniscd with
the subsequently developed techniques for coping with the
system’s complexity.  Hierarchies can lose their
simplifying property il the structures become oo deep: tor
the ACT Lynx project only three levels were cmployed,
with quite diiferent specification lcchniques and associated
tools at cach level:

(i) The top level is the written, structured text. [t s
manipulated and maintained by commercial text processing
software.

(ii) The middic level is the capturc of the specification in a
Jackson System Development (JSD - Refs 12, 13) design,
using CASE tools such as Speedbuilder (Refs 14, 15).

(iii) The lowest level is the Ada code. It is gencrated
automatically from the JSD design using a CASE tool
such as Adacode, and is acted on by a conventional
compiler. The simulation so produced is an ideal vehicle
for validation of the specilication.
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Thus each level has its own formalism and there is no
decomposition from one level to another. The first
consideration, as in many design problems, is deciding
where to start: one advantage of the Jackson JSD approach
is that the starting point is well defined: one must use the
narrative text of the specification to begin the modelling
phase.

Jackson System Development

Jackson System Development is a method of analysing a
written specification for a computer system 1o produce a
formally executable specification. The method was jointly
developed by Michael Jackson and John Cameron in the
early 1980s (Refs 12, 13). It consists of three stages:
modelling, network and implementation. There is
considerable emphasis placed on the modelling stage in
order to establish, unequivocally, the information available
from the world outside the system being designed, with
which the system interacts.

Modelling and Entities: A model, in JSD, is a
description of the real world as it appears to the system.
Entities are objects in the real world which have to be
modelled by the system, and of particular interest in the
modelling activity are those entities which perform discrete
actions. For example, a press of the ARM button by the
evaluation pilot is an action to which the system musl
respond. The modelling phase requircs that the actions be
allocated to specific entities, and the main task is to
identify viable entities and allocate the relevant actions to
them. For each entity, the time ordering of the actions
must be then be specified and, conventionally, a tree
diagram is used for this purpose. As an cxample, consider
the truncated list of actions from the ACT Lynx system
shown in Figure 9. Some of these are related to the pilot
entity in his role of engaging the ACT System; they may
be identified and their time-ordering expressed as a tree
diagram using Jackson Structured Programming (JSP)
notation (Ref 13). The diagram is shown in Figure 10
where the root is named after the entity which performs the
actions, and the leaves (the lowest level boxes which are
named rather than numbered) hold the names ol the
individual actions. The intermediate nodes or boxes
describe the possible types ol behaviour: sequence,
sclection (0) and ileration (*), as denoted by the symbol in
the top right hand comer of the box. The numbers in the
lowest level boxes refer to changes in the state of the
object (entity) as shown in the table in Figure 10.

Thus Figure 10 expresses a model of the Pilot Engagement
cnlity as a repetition of occurrences of Engagement Cycles.
An Engagement Cycle can either be a Normal Cycle,
composed of a sequence of Arm, Armed, Engage,
Disengage, or alternatively an Early Disengage, composed
of only part of the normal scquence followed by a
Discngage. The appropriate changes of state are indicated
by the numbercd operations for cach action, and it can be
seen that, prior to any action, the cngagement stafe is
initialised to DISENGAGED by operation 13.

control law demands are :n harmonv

Action Summary SE0oUTas
ARM The puiot requests tnat tne sysiem de

armed.
ARMED The acriaor positions and the

ARM_DErAULT_MOCDE
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CANCEL_SYSTEM
TEST *
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CAPTURE
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1D MCCE_D_TYPE

COMPLETED _SYSTEM
TEST

All tests of (ne system test have
been successfuly completed

CONTINCESYSTEM

{ndicagon that the current test of the

_TEST system test has been successfully
completed.
DISENGAGE The system has teen disengaged.
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engagement (1) by the pilot pressing
the disengage button or (2) by the
svstem failing to get into the
ARMED or ENGAGED sute.

[t may happen whilst ENGAGED
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actuaior refaving the ract that it has
become disengaged

DOWN_DISTURBANCE
_REQUEST

The pot wishes (0 be oifered the
previous valid disturbance. hat s
the {irst discurbance with a lower
index number (ID)

This 15 equivalent to the ptiot
presssing the DOWN button
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that the svstem Se engaged.

FAIL_TEST_STAGE
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system !est has nol been

success{uily completed.

Fig 9 Typical List of Actions
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The same type of modelling is applied to the other
components of the CSE such as the activities associated
with the Menu Panel and the Mode Control Panel, to
obtain the full complement of model descriptions. In a
completed modelling exercise, the total set of tree diagrams
describes all of the time orderings of the actions plus the
changes in system state. [n rcal-time systems it is often
only the activitics at thc man-machinc intcrface which
require this type of modelling and much of the real world is
modelled simply by polling sensor information. In the
ACT Lynx application, for example, the Lynx helicopter is
modelled kinematically by polling data from inertial and air
motion sensors. The tree diagrams in these cases are
simply iterations of polling actions. The inceptor
displacements are conveniently treated in this manner too.

It is fundamental to the JSD method that the model
structure in Figure 10 can be used as a program structure
for a process to control the engagement of the ACT
system. Oncc operations have becn added to read incoming
action-messages then all that is required is for the
operalions 1o be expressed in the required language. The
iterations can be expressed as loops and the selections as
conditional statements with appropriate conditions. The
result is that the tree diagram can be converted to code
mechanically either by hand or, as in the current work,
automatically.

Network and Implementation Following on from
the modelling stage is the development of the nerwork .
Processes derived from the entities defined in the modelling
stage are called model processes. Other processes are
needed to make use of the data stored by the model
processes in order to generate the outputs which provide the
required functionality of the system. More details can be
found in Reference 1.

JSD Summary The principal aim of the JSD method i
to crealc a specification which can be usefully viewed from
both above and below. The modelling stage is an object
oriented analysis of the real world which produces a
description which users can readily grasp. because the result
is described in terms of objects {amiliar to the user. The
tree diagrams of the method also provide important detail
about the model of the real world. The neiwork stage uscs
two descriptions: (a) Data flows, which can be presented to
the user to indicate the architecture of the system and (b)
Tree diagrams. which the analyst can use to express the
design of a particular function. The resulting specification
can be viewed by the user from above in terms ol the
interface with the rcal world and, simultancously, the
specification contains cnough detui] for the implementers
below to perform their task. [t is this general property that
makes JSD particularly attractive and encouraged a
determined assault on the difficultics associated with the
application of JSD to the compicte ACT Lynx System.

Specification Structure
Even with the briel review of the JSD method contained

above, it should be cicar that the cnvisaged application to
the ACT Lynx presented substantial technical challenges.
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The primary ditficulty was how to adapt the method o a
system which had a diversity of types of component. For
example, how was a hydraulic actuator to be specitied
using JSD and. in this context. what was the interpretation
of data streams and state vector inspections - the JSD inter-
process communication methods? A further complicaton
was how to include the replication associated with the
cmbedded redundancy without the occurrence of a
comensurate increase in complexity. It was cleur that the
JSD method itself, aithough offering a desirabie
development route, did not, on its own. offer the reduction
of complexity which was considered essential for the ACT
Lynx requirements specification. As a compositionai
method, JSD eschews a top-down approach to system
development. The rationale is argued at length by its
proponents and a convincing case can be made for it in
software development; however for more general sysiems.
the physical architecture can impose a natural
decomposition. This decomposition may then be hamessed
and used to guide the development of those enhanccmcents
10 JSD which are necessary to reduce the complexity of the
system specification. This recourse to a decomposition
based on the underlying hardware was adopted for the ACT
Lynx system and led directly to a significant conceptual and
practical reduction in the descriptive complexity.

JSD enhancements The next step in resolving the
complexity of the system is to recognise that each
identifiable element can be viewed as an independent
system communicating in a limited way with other
clements. For clements which are composed of replicated
units, cach unit is treated as independent.

o
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Fig 11 Top Down View of Control Law Unit

Figure 11 shows an example of such a top down view.,
The datastream into the CLU is a {rame time-grain-marker,
and the only inter-unit connections arc ‘stale vector
inspections. Each box represents a unit and JSD is applicd
in a conventional manner to that unit. The himitation of
inter-unit communication to state vector inspections is
clements. The absence of data-stream conncctions means
that there are no inter-unit messages and consequently there
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is no requirement to design complex process structures o
handle the incoming and outgoing messagés. Therefore,
the complexity of a unit is determined solely by its internal
functionality and, moreover, the effects of any redesign has
limited impact on the rest of the system. The
simplification which results from this is so significant that
it justifies additional terminology, and the term JSD unit
has been adopted.

The problem of the diversity of the system is resolved by
transferring the specification lo the software context. For
those aspects of the system which are not expected to be
digital, such as the actuator element, a simulation of that
clement is specified using the methods described above.
Naturally, care has to taken to ensure that ail of the
relevant functional properties of the real element are
included in the simulation specification with due
authenticity. The integrity of replacing the real element in
a specification by a simulation depends not only on an
authentic duplication of its relevant functions, but also on
ensuring that the remainder of the system only has access
to that data which the real system can provide. In the case
of the actuator element, for example, the actuator positions
are not directly available to the ADMUs; one of the four
simulated position pick-off signals for cach control lane
which must be used. Another example is the engagement
state of the actuator; signals corresponding to appropriate

sensors mounted on the actuator must be used to determine .
whether the actuator is hydraulically energised or not. Asa

consequence, the actuator entily must be modelled within
the ADMU using JSD principles. The need for modelling
one element within another is a natural consequence of the
imposed decomposition into elements (Ref 16).

When system elements consist of replicated units, for
example triplex or dual duplex, it is clearly undesirable to

compose a JSD network diagram tor cach unit individually.
At best, it duplicates effort, and at worst introduces crrors
caused by accidental differences in the individual networks.
What is needed is to retlect the written specification and 1o
describe a single unit in detail through a network diagram
in the normal manncr, supplemented by a formal
description of the element in terms ot its component units.
Such a formal description is shown in Figure 12 (a) and (b)
which depict descriptions of units of the [nceptor and
Control Law Elements respectively as held on the CASE
database. After some standard information (STD-INFO),
consisting of its identifier and optional background detal,
the MAIN-PART of the description includes a number of
options such as:

(i) the type of unit - whether the unit is analogue or digital.

(ii) the number of units - here both arc simplcx units
replicated three times.

(iii) Whether the units run synchronously or not.

To complete the description a list is required of all the JSD
processes which belong to that unit, and thus nced to be
replicated; the final entry (UNIT-SID), being blank, shows
that the name of the list on the database dcfaults to the
name of the unit.

A similar format is provided for the description ol the
connections between clements as shown by the cxample in
Figure 12 (c¢). The relevant fields are the source.
destination and whether the connection is unit o unit
individually (ONE-TO-ONE), or completely cross
connected (BROADCAST). The connection description
also holds some information relating to the fault tolerance
implementation.

inceptors of the evaluation

law algorithm and associated
processing. It is the middle processor NO

UNIT IE UNIT CLE
STD-INFO CONNECTION IE_CLISE
STD-INFO LONGNAME STD-INFO
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; ; *1ISUMM
This unit is connected to the s Ul houses ihe canirol (oNARRATIVE

p!loi in a three proc e " MAIN-PART
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(b) unit description
{digital)

189

(c) connection description

Fig 12 CASE Database Formal Descriptions




Incremental Implementation

The compositional, or "middle out", nature of the JSD
method has the property that once a model has been built,
every new [unction added to it provides a, potentially
deliverable, working system. In fact, al any stage of the
development of the network, it can be impiemented.
Incremental development takes advantage of this natural
property of JSD and phases development of a system over a
number of increments. The added functionality required
from each increment is defined initially in outline and, as
each increment is completed, it is reviewed and the contents
of future increments re-examined in the light of any
modifications or additions that have been found to be
necessary. The development of a system is thus responsive
to an evolving specification but at the same time allows
the project to be managed on the basis of milestones
actually achieved.

The ACT Lynx simulation was developed over six
increments distributed as follows:

Increment 1: A model of the pilot/system
interaction including engagement of the ACT
system and inceptor movement, the Repeater
Pancl and a display of the control run position.

Incrcment 2. A model of the pilot/system
interaction as regards System Test, Control Law
Selection, Disturbance Selection, Mode Selection,
Parameter Set Selection, the Menu Panel, Mode
Control Panel and Pilot's Control Panel.

Increment 3: A definition of a hardware description
language for units and connections, and
development of associated tools. The functionality
of Increments | and 2 is hased on the specified
hardware, including fault tolerance. Provision for
injection of crrors.

Increment_4: Complction of the Control Law
Input Support Elcment, including the
development of a tool for building a System Test
process from a non-procedural definition. The
Aircraft Motion Scnsor and the Air Data Elements

Increment 5: Complction of the Control Law
Element and the Control Law Ouput Support
Element.

Increment 6: Completion of the Actuator Drive
and Monitoring Element and the Actuator
Element. Further development of the Sysiem
Test Builder.

The simulation also includes a simple model of a Lynx
helicopter to provide scnsor data and the actuator
displacements.

From the distribution of material in the six increments it
can be scen that the primary concern was to cstablish an
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acceptable model of the pilot's interface. One of the carly
lessons was that different rcaders of a specification can
place different meanings on the same words, and, for
example, the sequencing of the lamps relating to
engagement and system test on the Repeater Panel needed
to be revised. The reference to system lest in [ncrement 6
1s indicative of the difficulties encountered in specifying a
comprehensive test. The contribution from Increment 4
was not sufficient and more work had to be included in the
final increment.

During the development of the simulation no fundamental
flaw or omission_has been discovered in the written
specification. Nevertheless, a wealth of additional detail
has been accumulated mainly to reinforce inadequate
descriptions or to compensate for minor omissions. The
most significant inadequacy was the omission of a
description about how to apply the consolidation algorithm
of Reference 17 to replicated units in a fault tolerant
manner (additional voting was included).

Implementation of the Simulation

Ada was selected as the implementation language; its
selection was determined by a number of considerations.
First, Ada isa US DoD mandated language, and was also
"highly recommended" by the UK MOD, which has
resulted in a number of very high quality compilers beirng
available. In addition, packages and tasks are language
features which have been very important in implementing
the system. Finally, the code generation tool Adacode,
described below, was already available in prototype form to
serve as a basis for the project.

Complexity Overview

The question of complexity has been addressed {rom several
viewpoints. The JSD method incorporates in its modelling
phase a powerful technique for grasping the fundamentals
of system development and provides a solid platform for
subsequent work. On its own, however, it is not sufficient
for resolving the complexity of a diverse system which has
inbuilt redundancies. It is necessary lo introduce additional
features, JSD units and connections, to reduce the
complexity ol whole system to a manageable sizc. These
conceptual advances are of little practical use without
associaled support from CASE tools. A dutabasc must be
able to accept and manipulate the unit definitions, and code
generation tools must be able to access this information in
order to build the final system. The whole JSD-unit based
approach gives rise to a management of the complexity of
the system to the extent that it may be considered tamed.
The verilication which is embedded in the various stages of
the development of the specification, and its resultant
validation through operation of the simulation ensure that
any rogue aspects of the specification have been
climinated.

At the heart of this complex specification, the detailed
requirement for the control law clement was lelt blank; tor
initial cicarance this would be a unity transfer function
followed by a digital representation of the Lynx analogue
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Fig 13 The Four Phases in a Control Law Life Cycle

AFECS. But the experimental control luws were the raison
d'etre for the ACT Lynx project, and needed a different
approach to their development.

Control Law/Concept Evaluation - Envelope
Expansion

Recognising that immaturity would be a normal part ol the
development of ACT Lynx laws, a Control Law Life Cycle
Model and associated working practices and procedures were
developed at DRA to ensure a disciplined path to full
control law validation (Ref 18, 19). The development
cycle was formalised to ensure that when controt laws were
ultimately exercised in safety critical areas, there would be
no possibility of them failing. Thus, along with the
hardware redundancy, the system would have a truly
comprehensive [ail-operate capability. The cycle compnses
four phases (Fig 13);

i) The Conceptual Phase (CP) cvaluates basic concepts in a
form that can capturc the operational requirements. [t
includes simple modelling, design and analysis activities
and pilot-in-the-loop simulation. Outputs from this phase
include knowledge of the response types and system
characteristics required to achieve the various Levels of
(lying quality.

i1) The Enginecring Design Phase (EDP) wkes results from
the CP and involves full control law design with a
representative vehicle model and includes refinements to
control system architectures via detailed modeHing and
extensive piloted simulation.
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ii1) The Flight Clearance Phase {FCP) consolidales results
from carlier stages and achicves a verificd implementation
for the target flight control computer. Validation of the
design, including a loads and stability analysis, i< a key
activity in the Clearance phase. The techniques ol 'Inverse
Simulation' (Ref 20), with prescribed MTEs, olter a
convenient and efficient method for excreising the control
law in a wide range range of representative conditions prior
to tlight.

iv) The Flight Test Phase (FTP) evaluales the control
system in full scale tlight and appropriate opcrational
MTEs. Experiments in this phase will be ‘replicas’ ol tests
conducted in ground-based simulation and changes
control laws would cover only those regimes mapped out
in the Conceptual and Engineering Design phases.  An
incremental approach to safety critical, high nsk, (light
conditions would be normal practice.

The phascs arc sequential but also iterative, acknowicdging
that growth in knowledge can lcad to a change in the
requirement or criteria format, often the objective ot the
research itself. At all stages. the discovery ol a lault,
design error or uncertainty will generally require the returm
to a previous phase. Special care needs to be taken when
imposing' a procedural discipline on research,  thut
creativily is not inhibited, but the disciplinc nceds 1o cut
cven deeper with well defined working practices and
activities, if it is to have any real meaning as a safcguard
against errors or laults being designed in. Fig 14, laken
from Rel 18, illustrates a process structurc diagram for the
CP with the three principal tasks - probicm cxpression,
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design and review. The JSD nolation is again used, ie
scquence, iteration () and selection (0), with the activities
corresponding to the lowest level 'leaves' on cach branch.
Typicaily, documentation is required as each new piece of
knowledge is accumulated and this is reflected in the right
hand leaf of the branches.

Conceptual Phase

Examples of research in the Conceptual Phase can be found
in References 21, 22 and 23. The archetypal DRA
conceptual simulation model (CSM) was developed in
Reference 21, which reported comparative resuits with
different response types and autopilot modes. [n Reference
22, the first conceptual results from the DRA/Westland
rescarch into carefree handling systems were published,
indicating the significant benefits of direct intervention
control laws. More recently, the first helicopter trials on
the DRA Large Motion Simulator reported the achievement
of Level | handling qualities for rate response types (Ref
23). Fig 15 shows one set of results from Reference 23,
“with pilot hundling qualities ratings plotted against roil
attitude bandwidth for a slalom task. The wide sprcad of

ratings with each configuration illustrate the change in
perceived handling as performance is increased. the poorest
ratings generally corresponding to the highest levels of

pilot aggressiveness.

Fig 14 Structure Diagram for the Conceptual Phase
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The ADS33C Leveil/2 bandwidth boundary for non-
tracking tasks is 2 rad/s, corresponding with the lowest
level ol aggressiveness flown in the AFS trials. The
degradation at higher performance levels is consistent with
flight results (Ref 2), but pilots tend to be more senstitive
to task cues and critical of simulator deficiencies as
aggressiveness increases. Flying at large attitude angles
near the ground is particularly demanding on the fidelity of
the simulated visual cues; the limited vertical field of view
and texture on the current AFS visual system must be a
major factor in the inability to achieve Level 1 at high
performance. This deficiency, along with modelling
uncertainties, common to all ground-based simulators, is,
of course, a primary reason for the vigorous pursuit of high
performance in-flight simulators.

Engineering Design Phase

This phase consists of mapping the required charactenstics
from the CP onto the simulated target aircraft. As in the
CP, problem expression, design and review cover activities
in the Engineering Design phase. However, the level of
detail will be considerably greater, including environmental
constraints and robustness criteria. [ntcrnal control system
loop performance requircments and stability of uncontrolled
airframe modes will form parts of the problem expression.
The design sub-phase contains the modelling and
evaluation activities, as in the CP, but also includes
significant new activities under the synthesis label (Ref
18). The desired flying qualitics requirements, cmbodied in
handling and nide quality functions, will be cast in
functional form and the associated 'error' cost functions
minimised with respect to control system gains and filter
frequencies. This is the essence of the synthesis at the
centre of control law design and a number of different
techniques arc available for working the optimisation,
involving craft-like skills and trading performance and
robustness 1o achicve the best controller. Examples of
results from the Engineering Design phase are reported in
Refs 24, 25 and 26.

Clearance and Flight Test Phases

Activitics within this phasc havc not been well developed
at DRA for the helicopter application. The clearance
activities will include software verification and a degree of
validation using more comprchensive models than in carlier
"real-time' evaluations, with the control law now embedded
in the target hardwarc. Flight tests represent the ultimate
rescarch cvaluation, although ironically, here there is little
scope for design innovation and creativity.  Flight test is
essentially a knowledge gathering exercise, but there is
considerablc scope for innovation in cxperimental design.
A procedure sequence in the cvaluation of a control law
might take the form;

i) engage ACT system when in required (light condition,

it) build up task complexity and
* incrementally

aggressivencss
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i11) curtain function cleared for minimum flight envelope
initially (low aggressiveness)

iv) open curtain incrementally as aggressiveness increased
v) test control law at safe altitude inttially with
representative task gain { eg using helmet display)

vi) test control law at low altitude with representative
natural task cues

Throughout this process, regular reviews of the documented
results with results from previous phases will be required.
A fully developed control law, cnabling Level 1 lying
qualities at high agility levels, should never experience a
software 'failure’. Hardware failures will be protected
against to a high reliability through redundancy.
Inadvertent excursions beyond flight envelope limits will
be protected against with built-in carefree handling
functions, working as an integral part of the control law.

Conclusions and Recommendations

With the aim of developing a high performance ACT
research helicopter, the DRA has developed the ACT Lynx
concept; focus has been on rescarch at high agility levels to
explore carefree handling concepts and the expansion of the
helicopter's usable flight envelope. The inherent high
agility of the Lynx, with its hingeless rotor, makes it an
excellent airframe for establishing requirements for future
types. This paper has reviewed this project from the
standpoint of the conflict between safety and performance;
we can see a way through but a number of concurrent
safety nets need to be combined.

1) A highly skilled and motivated safety pilot with
backdriven conventional controls is the most important
safety net; exploratory simulation studies conducted at
DRA have focussed on recoveries to common mode
hardover failures. The results have highlighted recovery
times generally consistent with past flight experience
although torque, rotorspeed and 'g' limits can casily be
exceeded.

2) System redundancy providing a fail-operate/fail-safe
capability provides the strongest and most elfective salety
nct against hardware fatlures.

3) A comprchensive requirement specification developed
through simulation cnsures that the integraled system is
well understood and all functions and their operations arc
fully defined; this approach ensures that the 'Tixed' software
is coherent and fully validated, hence providing the most
cffective protection against common mode software

failurcs.

4) Control laws developed within the framework of an
iterative life-cycle, including ground based simulation,
cnsures protection against soltware crrors during the carly
devclopment stages of this critical element of the system.
The four phasces - conceptual, cngineerning, clearance and
flight - have been brictly described.



5) Curtain functions, limiting the actuator drive signals,
can also be uscd to protect against immaturity in the
control laws and can be opened incrementally to allow
more agility to be exploited.

6) A committment to carefree handling functions embedded
within the control luws is considered to be an essential
ingredient to ACT research if [ull agility is to be realised.
Ultimately, together with the safety pilot and FOFS
hardware, this should complete the triad of safety nets
necessary {or the synergy of performance and safety.

At the time of writing, the UK programme is at a hiaitus
duc to funding limitations. In this paper the authors have
attempted to provide a candid exposure of some of the
issues sorrounding the safety/performance conflict, to
stimulate a continuing debate with collaborative partners
pursuing similar goals. It is believed that flight research at
high agility leveis wiil only be possible, with acceptable
risk, if these issues are squarcly faced.
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